Insulin Hexamer Dissociation Dynamics Revealed by Photoinduced T-jumps and Time-Resolved X-Ray Solution Scattering
The structural dynamics of Insulin hexamer dissociation were studied by photoinduced temperature jump technique and monitored by time-resolved x-ray scattering. The process of hexamer dissociation was found to involve several transient intermediates, including an expanded hexamer and an unstable tetramer. Our findings provide insights into the mechanisms of protien-protein association.
Protein-protein interactions often lead to the assembly of quaternary structures, which are utilized in-vivo to regulate function or as a means of storage. 1, 2 However, some protein interactions may also have undesirable outcomes, such as protein aggregation, which can result in the formations of fibrils that are associated with neurodegenerative deseases. 3, 4 Insulin is a 51-amino acid endocrine hormone that plays an important role in the regulation of blood-glucose levels. 5 Invivo, insulin monomers assemble into hexamers so that they can be stored in an inactive state until they are ready to be released into the bloodstream. 6, 7 Upon release, the insulin hexamers dissociate into monomers that can bind to the insulin receptor. 8, 9 However, insulin subunits also have a tendency to aggregate to form fibrils, an undesirable process that primarily occurs from the monomer, rather than the hexamer state. 6 Therefore, an understanding of insulin oligomerization dynamics can provide insights into the proteinprotein interactions that govern protein association mechanisms, which result in native function, as well as disease.
Insulin has been extensively studied as a model system for protein oligomer and fibril formation due to its ability to form a variety of native associative states, primarily monomers, dimers and hexamers. [8] [9] [10] [11] [12] [13] [14] The insulin association mechanism is dependent on the starting assembling states (e.g., monomers, dimers, etc.). Insulin dimers associate through the formation of an intermolecular beta sheet that connects two monomers together. 14 In contrast, hexamers form by association through an interface between dimers, typically in the presence of zinc ions. 9 As a result, the formation of different assembling states is expected to progress through different pathways and characteristic dynamics. The insulin assembling state is known to be tuneable by environmental conditions, such as solvent composition, temperature and pH. Specifically, in the presence of EtOH and low pH, the assembling state of the protein becomes temperature dependant in the range of 10-50 °C, with monomers comprising the primary species at 50 °C, dimers as the primary species at 30 °C and higher order oligomers at 15 °C and lower. 11, 14, 15 Protein association dynamics typically follow a diffusion limited process, in which the constituents must form an encounter complex, and thus processes that are faster than diffusion are typically obscured in ensemble kinetic experiments. One way to overcome this barrier is to study these later steps in association dynamics by investigating the reverse, first-order process of dissociation. 14, 15 For temperature sensitive oligomer systems, such as insulin, a laser-induced temperature jump (T-Jump) can be used to perturb the chemical equilibrium between the constituent units and the oligomer to create a non-equilibrium state in which the oligomer state is overpopulated, and therefore driving the reaction towards the formation of constituent units. 16 Laser induced experiments allow for the ensemble to be effectively synchronized to a higher temperature state within nanoseconds, therefore allowing the temporal resolution needed for the detection of short-lived early intermediates in the dissociation process. 14, 15, 17 These early steps of dissociation mirror the late stages of association in reverse order, and therefore allow these processes to be studied by circumventing the process of diffusion. In the case of insulin, T-jump experiments have been demonstrated to successfully initiate a dimer dissociation reaction, which was then tracked by time-resolved techniques, including 2D-IR spectroscopy and time-resolved x-ray solution scattering (TRXSS). 14, 15 These works revealed, through the study of the early steps of dimer dissociation, that the late steps of dimer formation are strongly coupled to solvent degrees of freedom and include multiple restructuring steps prior to achieving the final dimer state.
Here we advance on the previous studies by investigating the structural dynamics of insulin hexamer dissociation to gain insights into short lived intermediates in the late stages of insulin hexamer formation. Hexamer dissociation dynamics were initiated by applying a nanosecond T-jump from a low temperature state (15 °C) and directly observed the resulting conformational dynamics with TRXSS. X-ray solution scattering is a common technique for revealing protein structure for samples that cannot be crystallized or where the solution structure varies significantly from the crystal structure. [18] [19] [20] The technique is sensitive to protein secondary and tertiary structures, as well as changes in density and mass. [21] [22] [23] [24] [25] [26] [27] [28] [29] 
Results and discussion
The assembling states of bovine insulin in an aqueous mixture of 20% v/v ethanol at low pH (0.27M HCl) were examined by UV-CD and small angle x-ray scattering (SAXS) at different temperatures in the range of 15-50 °C. The details of these experiments and sample preparation have been described previously. 15 We have also previously reported the characteristics of insulin dimers and monomers using UV-CD and SAXS in the temperature range of 25-50 °C, and the latter method suggested a radius of gyration (R g ) increase from ~13 Å for monomers to ~15 Å for dimers. 15 Complementing the previous results, we observe in the current study that when the system is cooled down from 25 to 15 °C the average R g changes rapidly from ~15 Å to ~18 Å, an increase that deviates from the trend observed between 25 -50 °C, indicating the formation of oligomers larger than the dimers. A summary of Please do not adjust margins
Please do not adjust margins the SAXS data in Kratky plot form from the previous study (30 and 50 °C) and current study (15 °C) , are shown in Figure 1 . The Kratky representation plots scattering intensity multiplied by q 2 as a function of q, the transferred momentum. Since scattering intensity of globular proteins is typically proportional to q -4 in the Porod region of the scattering curve, such proteins will present a bell shaped curve in the Kratky representation. 32 However, unfolded and flexible proteins will deviate from the expected behaviour in the Porod region and would therefore lose their expected bell-shape. The bell-shape of Kratky curves at 0.1 -0.2 Å -1 shows that the insulin conformation remains folded at all examined temperatures and agree with the Kratky plots for insulin that were previously reported by Ahmad et al. 8 . However, the bell shape of the Kratky curves becomes significantly narrower at lower temperatures (below 25 °C) and adopts a tighter Gaussian shape even at high q values (q > 0.1 Å -1 ) that is significantly different in shape than the curves at higher temperatures. In addition, the maximum intensity of the Kratky plot shifts to smaller q values at lower temperature, indicating an increase in the assembled protein size, confirming the formation of a larger oligomer state as temperature decreases. The changes in the Kratky curve at lower temperatures suggests that, on average, the corresponding species are significantly larger and more rigid than the dimers or monomers present at higher temperatures, In order to verify that only three insulin assembling states (i.e. monomers, dimers and oligomers) are present in the entire temperature range of the experiment (i.e., 15 -50 °C), Kratky plots were analysed by singular value decomposition (SVD) based on eight curves (15 -50 °C with 5 °C increments). SVD is a standard tool for analysis of both static and time-resolved scattering datasets. 26, [33] [34] [35] This mathematical decomposition procedure provides information about the number of distinct species whose linear combination comprise the entire dataset. The large amplitudes of the first three singular values along with pronounced shapes of left and right singular vectors clearly demonstrate that only three species exist across the entire temperature range (see Figure  1b , c), confirming the premise that only one type of oligomers forms below 25 °C. In contrast, our previously reported SVD analysis of the Kratky curves from the temperature range of 25 -50 °C showed presence of only two significant SVD components that reflects the prevalence of monomers and dimers at these temperatures. 15 The insulin dimers can serve as building blocks for several larger oligomers, for example, tetramers, hexamers or fibrils. Uversky et al. reported on the spectroscopic characteristics of insulin oligomers originating from mutant variants and found that the UV-CD signal for the tyrosyl absorption band (275 nm) remained relatively constant between dimers and tetramers, however it became significantly more negative for the hexamer state relative to either dimer or tetramer. 8, 9 Our UV-CD results, shown in figure 1d, indicate that the molar ellipticity of tyrosyl absorption becomes substantially more negative as temperature decreases. Taken together with the trend in R g from SAXS measurements, the UV-CD results therefore indicate that at lower temperature the association state is driven towards the formation of hexamers rather than tetramers. Furthermore, previous works have established that in native insulin, the majority species include only hexamers, dimers and monomers. 36, 37 The appearance of other, high order oligomers, such as fibrils is unlikely, as this would cause a dramatic increase in forward scattering and very large R g changes, as well as changes in form factor and they are likely to disassemble with temperature. For this reason, we surmise that at 15 °C insulin exists as a mixture of hexamers and dimers as the primary species. It is also apparent that the 15 °C state does not represent a complete transformation of the dimers into hexamers, but instead is a mixture of hexamers with a large population of dimers. Therefore, the R g and UV-CD values represent an average based on the mixture of populations. However, when lowering the temperature below 15 °C to increase the population of hexamers, we observed precipitation of the insulin, which is expected due to the poor solubility of the hexamer form. 7, 38 Therefore 15 °C represents the lowest temperature that could be reliably measured in the experiment.
As we are clear about the temperature dependence of the insulin assembling states, we now can study the dynamics of their transformation by perturbing the equilibrium with Tjump. The T-jump TRXSS experiments were carried out at Beamline 14ID, the BioCARS, in the Advanced Photon Source (APS) at Argonne National Laboratory. 39 The details of T-jump TRXSS experiments and sample preparation have been described previously. 15 In brief, ns-laser pulses set at 1443 nm wavelength were used to excite an overtone of O-H vibration in the solvent to generate an ~8 °C temperature jump. TRXSS was used to probe the resulting protein structural dynamics from the nano-to millisecond timescales. X-ray scattering patterns, measured by a 2D camera, were azimuthally integrated and used to calculate one-dimensional scattering difference curves ΔS(q,t) (with q and t being transferred momentum and time delay, respectively) according to standard procedures. 15, 39 The sample was loaded into a temperature controlled capillary flow cell by syringe pump and the sample volume was discarded after each laser/x-ray interaction in order to prevent accumulation of x-ray damage. Short time delay data (< 5 µs) was taken utilizing a single x-ray pulse (FWHM ~100 ps) extracted from the x-ray pulse train running at a 6.5-MHz repetition rate. For longer time delays (> 10 µs), TRXSS data was taken utilizing 24 bunches chopped from the synchrotron source (~3.6 µs time resolution). The initial experimental temperature of 15°C was chosen because the scattering signal from protein build-up on the capillary wall appears due to a lower insulin solubility at temperature ≤ 10 °C.
The results of the TRXSS experiments are summarized in figure 2 . TRXSS differential signals typically contain contribution from both protein and solvent density changes. In order to derive the protein-associated portion of the signal we conducted a pure-solvent TRXSS measurement, which was then fitted to the signal in the wide angle (WAXS) region at q > 0. Please do not adjust margins
Please do not adjust margins used to obtain the changes in the temperature of the system as a function of time. The fitted solvent contributions were subtracted from the TRXSS curve recorded on insulin solution.
The time series of protein associated TRXSS signals (after solvent subtraction) is presented in Figure 2a . It is clear that the protein structural signal appears in the SAXS region (q < 0.15 Å -1 ) even at the shortest time delay (i.e. 10 ns, the laser pulse duration is 7 ns). In order to quantify the progression of this signal, the SAXS region was integrated and plotted as a function of time delay along with the evolution of the system temperature (Figure 2b, top) . The integration reveals that at least two processes occur following excitation. First, a signal arises at the shortest time delay (10 ns) and remains relatively constant until 100 ns, when an intensity of the SAXS signal grows rapidly on the microsecond timescale. After short flattening around 10 µs, the SAXS signal further grows until 2 ms which is followed by a decay at longer timescales as the system cools back down to equilibrium. In addition, we observe a formation of positive feature in the WAXS region, around q ~ 0.2 Å -1 , after 10 µs. Following the evolution of this feature by integrating its intensity, we observe that the WAXS feature grows concurrently with the SAXS signal up until 2 ms. However, while the SAXS intensity starts to decay at later time delays, the WAXS feature keeps growing until ~20 ms and only then starts to decay.
SVD analysis was performed in order to extract the number of the transient species captured in this experiment (see Supporting Information for details). The analysis shows the existence of four states, two of which are observed prior to the system cool-down and the other two are observed during system cool-down. These observations coincide with noticeable changes in the scattering patterns at different time delays as revealed by the inspection of integrated signals, as well as scattering difference patterns. To retrieve the characteristic timescales associated with the transitions between the intermediate species, we performed a simple exponential fitting of the data by using the SVD results (see SI). We found that four exponential terms were sufficient for reproducing the data and the following characteristic time scales were retrieved from the fitting: 0.9 ± 0.1 µs, 730 ± 20 µs, 20.5 ± 0.7 ms and 300 ± 15 ms. Since two of these timescales coincide with the system cool-down, which ensues in the time range between 1 ms and 1 s (Figure 2b) , finding an adequate kinetic model to describe the system evolution is non-trivial. For this reason, we chose to model the systems using linear combination analysis (LCA).
LCA is a common method for reproducing time delay data in TRXSS experiments by utilizing representative scattering difference patterns from major emergent species. 26 LCA does not produce pure species associated scattering curves due to the reliance of the method on representative time delay Please do not adjust margins
Please do not adjust margins curves. However, as opposed to other analysis methods, such as global analysis, LCA does not require assumption about kinetic models that may be affected by temperature changes and therefore is more suitable for these TRXSS experimental results. Based on the integration results and the obtained timescales, we have chosen four time delays as the basis for the LCA, namely, 10 ns, 20 µs, 2 ms and 100 ms. These time delays represent time points at which the TRXSS integral signal plateaus, indicating the saturation of the transition between states and that the signal is dominated by one of the species. Fitting the data with selected curves gives a satisfactory agreement and allows us to obtain the time dependent contribution of each of the species. The population of each of the species and the corresponding curves, used for fitting the data, are shown in Figure 2b and 2c.
The first species appears at earliest time point probed in the experiment (10 ns) and its signal remains mostly unchanged until 100 ns. The scattering difference signal shows a noticeable loss of scattering in the SAXS region without additional features (Figure 2c ), indicating that the protein volume undergoes expansion. Given that quick appearance of the state (<10 ns), we associate this early intermediate (H  * ) with a hot protein state due to the laser induced heating of the solvent, which is expected to cause slight expansion of the protein due to the thermal-induced loss of hydrogen bonding that leads to loss of protein density and increased solvent exposure. The second state H E (expanded hexamer) rises on 0.9 ± 0.1 µs timescale with a large decrease in forward scattering that comprises the bulk of the difference signal. By inspecting the representative TRXSS signal recorded at 20 µs, we observe further loss of scattering intensity in the SAXS region (q < 0.15Å -1 ) compared to 10 ns, which indicates further reorganization of the protein structure due to heating. The further loss of forward scattering relative to the H * state
indicates that the protein restructures to become significantly more expanded. However, the lack of WAXS features (at q > 0.15 Å -1 ), which are expected to arise when the hexamer dissociates to dimer, as apparent from the reference difference calculated using static SAXS data recorded at 15 and 20 °C (see reference static difference curve in figure 3 ), indicate that the protein retains its hexamer form. The presence of the H E state suggests that prior to dissociation into dimers, the hexamer evolves to an intermediate state in which it assumes a partially unfolded and flexible conformation, as evidenced by the expansion observed in the SAXS region of the signal. Finally, based on the integration results, it is apparent that the formation of the H E state involves a significant rise in integrated SAXS intensity from ~30 % to 70% of the maximum integral value, indicating that the formation of this state encompasses most of the hexamer structural rearrangement prior to dissociation. The final two states arise on significantly longer timescales, specifically the TD (tetramer + dimer) state with 730 ± 20 µs lifetime and the 3D (three dimer) state with 20.5 ± 0.7 ms lifetime. The difference scattering signals of both states show loss of intensity in the SAXS region, as well as appearance of WAXS features, most prominently a positive peak at 0.15 < q < 0.3 Å -1 (see figure 3) . Moreover, as the TD state evolves into the 3D state, the WAXS peak shifts to smaller angles, indicating structural differences between the two states. To assess the nature of these states, we compared both difference patterns to the reference difference calculated using static SAXS data recorded at 15 and 20 °C that corresponds to transition from hexamers to dimers (Figure 3 ). The reference curve fits the 3D difference significantly better than the TD difference, especially in the WAXS region, indicating that the species predominant at later time delays corresponds to dimers at the final stage of hexamer dissociation. In addition, we have found a qualitative agreement between the TRXSS data recorded at 100 ms and the theoretical curve calculated by taking a difference between crystal structures of hexamer and dimers, which further supports the structural assignment of the 3D state (see SI for details). The penultimate TD state exhibits a WAXS feature that is similar to the 3D state, but with much smaller intensity (see inset in figure 3) , which likely indicates a partially dissociated state. We assign this partially dissociated state to the breakdown of the hexamer into a pair of dimer and tetramer. While the tetramer form is unstable, it is expected to be more stable than other intermediates such as trimers, which would require the dissociation of the beta sheet that is present in the dimer interface. However, under our experimental conditions, the dimer interface is clearly more thermally stable than the dimer-dimer interface, as verified by our static measurements, since the hexamer population only begins to appear when most of the monomers have already assembled into dimers. In Please do not adjust margins
Please do not adjust margins addition, the tetramer form itself is typically not observed in the native state, likely due to the fact that the most stable dimer-dimer interface form is in the hexamer state. 36, 37 This agrees with our observation that the tetramer does not appear as a discrete state in the static SAXS data, which demonstrates presence of only hexamers, dimers and monomers. A more robust verification of the tetramer state is precluded due to the lack of crystal structure data for it. 40 The proposed dissociation mechanism and schematic freeenergy landscape [41] [42] [43] [44] of the T-jump induced dissociation reaction are summarised in figure 4 . Immediately following the T-jump the hexamer adopts a hot state that is slightly expanded due to loss of hydrogen bonding. Following this state, the hexamer unfolds to become more expanded and flexible while still retaining its constituent dimer subunits. On longer timescales, the hexamer unfolds to form pairs of dimers and tetramers, followed by tetramer dissociation into dimers.
As both hexamers and dimers present expanded intermediate states prior to dissociation, it is possible that similar processes occur during tetramer dissociation. However, such processes are likely too fast (i.e. nanoseconds to microseconds) to be captured by our experiment as they are obscured by the millisecond timescale of hexamer dissociation into tetramerdimer pairs.
A comparison between the structural dynamics of dimer and hexamer dissociation processes reveals appreciable differences between them, in particular in the number of intermediates and timescales involved. Insulin dimer dissociation proceeds through the adoption of multiple intermediates, including two reorganization steps, followed by a single dissociation step. 15 In contrast, hexamer dissociation proceeds through a single reorganization step followed by two dissociation steps. Moreover, the hexamer reorganization steps during dissociation occur on significantly shorter timescales than those that occur during dimer dissociation, despite the former occurring at lower temperatures than the latter. In addition, the hexamer dissociation steps are slower than the dimer, and happen stepwise, first through formation of a tetramer and dimer intermediates and then a complete dissociation into dimers. The differences between dimer and hexamer formation processes likely originate from the different nature of interaction between the constituent units. Dimer formation occurs through the formation of an intermolecular beta sheet, which requires a degree of cooperative refolding of the monomers into the dimer, while the formation of hexamers involves the assembly of dimerdimer interfaces, typically also around Zn 2+ ions.
While the states observed in our study (H E , TD, 3D) are expected to be related to the association mechanism by virtue of microscopic reversibility 14, [45] [46] [47] [48] , these states might only represent a partial picture of the association process. As previously stated, T-jumps are particularly sensitive to the late stages of association, whereas processes such as diffusion and, possibly, induced fit states, which represent early steps in association, may not be captured by our current study.
14 Therefore, our proposed model does not proport to represent the totality of the associative process, but rather more indicative of the later stages in association. Finally, from investigating these dissociation dynamics we learn that the final stages of insulin association involve the adoption of an extended associated intermediate state, regardless of whether the process involves association of monomers into dimers or dimers into hexamers. These expanded intermediates quickly evolve into the final compact state by internal restructuring and folding process. This final step is likely involved in the prevention of misfolded states, Figure 4 . (a) Scheme of the proposed insulin associative states that appear during the oligomer dissociation process following T-jump. (b) Proposed schematic free energy landscape immediately following the T-jump representative of unfolding (dissociation) dynamics. Following the T-jump the insulin population is in a non-equilibrium over-populated hexamer state which proceeds to dissociates through a mechanism involving several high energy intermediates that are transiently populated during the reaction. The red curves indicate the populations in the initial non-equilibrium hexamer and dimer states immediately after the T-jump, the yellow arrow depicts the reaction pathway towards equilibrium.
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Please do not adjust margins such as fibrils, which are formed from extended subunits, but not from compact ones. 8 It is possible that destabilization of this final process is contributing to the formation of undesirable fibrils.
Conclusions
From our study of hexamer dissociation dynamics induced by T-jump we have gained insights into the short-lived intermediates that appear at the final stages of the insulin hexamer association process. We found that hexamer association from the dimer state evolves through the adoption of multiple associative states and intermediates within those states. While the appearance of a tetramer state in insulin has been previously concluded, to the best of our knowledge the short-lived expanded intermediate, the H E state, has not previously been reported. The appearance of this transient state provides insights into the mechanism of quaternary structure evolution, namely that the constituent subunits come together prior to folding into a more stable, less flexible form and that these processes are consecutive rather than parallel and mimic a similar process that has been previously reported for dimers by induced fit mechanism. The finding that a majority of the folding and loss of flexibility occurs after units have already come together implies that cooperative folding requires some preferred interactions, likely at the interfaces between the units and that disruption of this process can lead to undesirable outcomes, such as the formation of fibrils. Moreover, it is apparent that insulin association dynamics deviate from simple two-state kinetics regardless of the mechanism by which the constituent subunits associate. Finally, these findings are evidence for the utility of ultrafast Tjump experiments coupled with a structural probe in the understanding of protein-protein interactions, as well as protein folding mechanisms.
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